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Abstract
This study was focused on the analysis of cell type differentiation and synaptogenesis as well as outer segment formation in an
organotypic culture of the neonatal rat retina during a 6–14 day period of in vitro development. Moreover, the effects of the
retinal pigment epithelium (RPE) on these processes were investigated. The in vitro development resulted in a retinal architecture
and lamination comparable to that of in vivo retinas. The RPE influences the proper alignment of photoreceptors as well as the
formation of the outer limiting membrane (OLM), but not processes of cell differentiation, synaptogenesis and inner retinal
lamination. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction
A variety of techniques have been used to reconstruct
normal retinal development in organ culture. However,
the success of these studies has differed widely with
regard to development and the grade of differentiation
(Hansson & Sourander, 1964; Hild & Callas, 1967;
LaVail & Hild, 1971; Hollyfield & Witkowsky, 1974;
Caffe´, Visser, Jansen, & Sanyal, 1989; Sparrow, Hicks,
& Barnstable, 1990; Feigenspan, Bormann, & Wa¨ssle,
1993; Stiemke, Landers, Al-Ubaidi, Rayborn, & Hol-
lyfield, 1994; Pognetto-Sassoe`, Feigenspan, Bormann,
& Wa¨ssle, 1996; Germer, Ku¨hnel, Grosche, Friedrich,
Wolburg, Price, Reichenbach, & Mack, 1997).
An important requirement for establishing an in vitro
model of the mammalian retina is the proper differenti-
ation of the inner retinal network and the formation of
normal photoreceptor outer segments. The effect of
retinal pigment epithelium (RPE) on these processes
has been much debated. While some authors consider it
essential (Hollyfield & Witkowsky, 1974Caffe´ et al.,
1989) others regard it as not strictly necessary for the
formation of the outer segments (Stiemke et al.,
1994Saga, Scheurer, & Adler, 1996; Watanabe,
Voyvodic, & Chan-Ling, 1997). Moreover, it is not
clear to date whether the RPE influences processes such
as retinal synaptogenesis, cell differentiation and lami-
nation because most studies described so far have been
performed without the adhering RPE due to technical
reasons.
The aim of the present study was to establish a
well-characterized organotypic culture of the mam-
malian retina so that the influence of the RPE on
postnatal differentiation processes could be studied un-
der conditions in which the tissue is not reduced to a
monolayer or few cell layers but retained its three-di-
mensional cytoarchitecture during the whole culturing
period. The neonatal rat retina represents an ideal
model for such studies, since major events of retinal
development and differentiation occur in the first 2
weeks of postnatal life (Young, 1984; Horsburgh &
Senfton, 1987; Ratto, Robinson, Yan, & McNaughton,
1991).
We showed that in our culture system, cell differenti-
ation, lamination and synaptogenesis was comparable
to the in vivo development. Moreover, the RPE did not
affect the postnatal development of the inner retina in
vitro, but had clear effects on the formation of photore-
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ceptor outer segments and the outer limiting membrane
(OLM).
2. Methods
2.1. Organotypic culture of the neonatal rat retina
Animal procedures were performed in conformity
with the ARVO statement on the Use of Animals in
Ophthalmologic and Vision Research. All salts and
reagents were of cell-culture grade and were from
Sigma (Deisenhofen, Germany) unless otherwise noted.
Organotypic cultures were prepared by means of the
interface technique described by Stoppini, Buchs and
Muller (1991) as follows. Neonatal Brown Norway rats
(day of birthP0) were deeply anesthetized by hy-
pothermia and quickly decapitated. The eyes were enu-
cleated under sterile conditions and transferred to a
petri dish containing ice-cold sterile Gey’s balanced salt
solution (GBSS; Gibco BRL, Eggenstein, Germany)
enriched with 6.5 g:l glucose.
To determine the influence of RPE on the culture
system, either retinas alone or retinas with adherent
RPE were prepared. To harvest an isolated neural
retina without RPE, the eye was opened along the ora
serrata, and the cornea and lens were removed. Using a
pair of forceps, the whole neural retina was then care-
fully dissected free from the RPE and sclera.
To harvest the retina with RPE, the intact non-
opened eye was immersed in 1 ml GBSS containing
cystein (0.035 mg) and papain (20 U) at 37°C for 15
min and then washed in supplemented medium with
10% fetal calf serum to stop enzymatic activity. This
procedure made it possible to separate the retina with
its RPE from the choroid. After the enzyme bath, the
eye was opened as described and the retina–RPE com-
plex removed.
Following dissection, four radial cuts were made to
flatten the samples. The complete retina, with or with-
out its adherent RPE, was transferred to the upper
compartment of a Costar Transwell chamber (Costar
GmbH, Bodenheim, Germany) containing 2 ml of
GBSS6.5 g:l Glu. The whole retinas were mounted
flat, with either the ganglion cell layer (GCL) or the
photoreceptor layer uppermost.
Superior colliculi, the normal targets of the retinal
ganglion cells (RGCs), were prepared from P2–P4 rats.
In brief, rat pups were decapitated and the superior
colliculi were prepared aseptically in GBSS6.5 g:l
Glu. The meninges were removed, and tissue blocks
were sliced coronally by hand. After cutting, the slices
were stored for 30 min at 4°C in GBSS6.5 g:l Glu;
finally they were placed onto the polycarbonate mem-
brane of the chamber, at least 2 mm away from the
retinas.
The culture medium consisted of Dulbecco’s
modified Eagles medium containing F-12 nutrient mix-
ture (1:1 DMEM:F12 medium; Gibco BRL, Eggen-
stein, Germany) and was supplemented with
hydrocortisone (20 nM), insulin (5 mg:ml), progesterone
(20 nM), putrescine (100 mM), selenium (20 nM), tau-
rine (3 mM), transferrin (1 mg:ml), 5% fetal calf serum
and 5% horse serum. Sufficient medium was placed in
the upper compartment of the chamber to keep the
tissue wet without covering it (usually 200–300 ml).
Additional (1000 ml) was placed in the lower compart-
ment. The cultures were kept without shaking or rota-
tion in an incubator with an atmosphere of 5% CO2,
balanced air, and 100% humidity at 37°C. The medium
was changed the first day in culture and every third day
thereafter. Neither antimitotics nor antibiotics were
used. After 6–14 days in vitro (DIV), cultures were
fixed for light microscopy, immunohistochemistry and
electron microscopy as described below.
2.2. Histology
Retinas from P14 rats were used for light micro-
scopic and immunohistochemical control of differentia-
tion in vivo. Both the control and the cultured retinas
were fixed for 30 min by immersion in either 4 or 2%
paraformaldehyde in phosphate buffer (PB; 0.1 M, pH
7.4). Fixed retinas were washed in PB three times,
cryoprotected in 30% sucrose in PB at 4°C overnight,
embedded in cryomatrix (Tissuetek, Reichard-Jung,
Nußloch, Germany) and frozen in liquid nitrogen. Ra-
dial sections (12 mm) were cut on a cryostat, collected
onto gelatin-coated glass slides, air dried, and stored at
20°C for further processing. To achieve a general
overview of the gross morphology, retinal sections of
different stages in vitro were stained with Nissl dye.
2.3. Immunohistochemistry
To characterize neuronal phenotypes and to define
their state of differentiation, cryostat sections of control
(P14) and cultured retinas (P0-DIV14) were incubated
with various antibodies: monoclonal anti-rhodopsin
clone RET-P1 (Biodesign International, Asbach, Ger-
many) to label rod outer segments (Barnstable, 1980;
Hicks & Barnstable, 1987), monoclonal anti-calbindin-
D28k to label horizontal cells (Ro¨hrenbeck, Wa¨ssle, &
Heizmann, 1987; Bastianelli, Takamatsu, Okazaki, Hi-
daka, & Pochet, 1995), monoclonal anti-protein kinase
C (PKC) clone MC5 (Amersham International, UK) to
label rod bipolar cells (Greferath, Grunert, & Wassle,
1990; Zhang & Yeh, 1991), polyclonal anti-calretinin
(Chemicon International Inc, Temecula, CA) to label a
subpopulation of amacrine cells (Pasteels, Rogers,
Blachier, & Pochet, 1990Bastianelli et al., 1995), and
monoclonal anti-Thy-1 clone M5 (Boehringer-
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Mannheim, Germany) to label RGCs (Schmid, Guen-
ther, & Kohler, 1995). All antibodies are standard for
the identification of the indicated retinal cell types and
have been tested for their specificities in the rat retina
by various laboratories (see above).
For immunostaining, slides were washed three times
in phosphate-buffered saline (PBS; 50 mM, pH 7.4) and
preincubated in PBS with 20% normal goat serum and
0.03% Triton X-100 (PBST) for 2 h. Antibodies were
used in the following concentrations: anti-rhodopsin
1:500, anti-Calbindin-D28k 1:500, anti-PKC 1:300,
anti-calretinin 1:300, or anti-Thy-1 1:100. Immunoreac-
tion was visualized with the appropriate Cy-3 conju-
gated secondary antibodies (Rockland, Gilbertsville,
PA) diluted 1:1000. Stained sections were washed three
times in PBS, coverslipped with 9:1 glycerol:PBS and
examined under epifluorescence with an Olympus AX70
microscope. Controls were carried out by omitting the
first antibody.
2.4. Electron microscopy
Cultured retinas (P0-DIV14) adhering to the polycar-
bonate membrane were fixed in ice-cold 1%
paraformaldehyde, 2.5% glutaraldehyde in 0.1 M PB,
pH 7.4, for 12–14 h. Samples were washed in 0.1 M
PB, and postfixed in 1% osmium tetroxide in 0.1 M PB
for 80 min at 4°C. After three washes in 0.1 M PB and
impregnation with 70% ethanol, they were counter-
stained in 2% uranyl acetate dissolved in 70% ethanol,
dehydrated in an ascending series of ethanol, and em-
bedded in Taab-resin (Taab Laboratories, Reading,
UK). Ultrathin sections were prepared radially to the
retinal surface, poststained with lead citrate, and exam-
ined with a Zeiss Omega EM 900 transmission electron
microscope.
3. Results
In order to preserve the normal cytoarchitecture in
the organotypic culture it was essential that the retina
or retina–RPE complex adhered closely to the filter
membrane over its entire surface immediately after
transferring the tissue to the culture system. Otherwise
rosette formation occurred frequently, and the number
of dysplasic figures increased. A good attachment of the
retina to the filter membrane was best achieved by
placing the retina with its photoreceptors towards the
membrane and the GCL facing upwards. The explants
remained transparent, flat and firmly adhesive to the
polycarbonate membrane filter during the entire culture
period. The cytoarchitecture was better preserved when
retinas from slightly older animals (P3–P4) were used,
whereas rosette formation was more frequent with P0–
P2 animals.
No outgrowth of RGC axons was observed in cul-
ture, perhaps due to the absence of a suitable substrate
such as collagen or laminin–polylysine in our culture
system (Thanos, Ba¨hr, Barde, & Vanselow, 1989; Spar-
row et al., 1990Ba¨hr, 1991) and the orientation of the
retina with the GCL facing upwards. We were unable
to confirm that co-culturing retinas with superior colli-
culi tissue can have a long-term preventive effect on
RGC degeneration. A rescue effect of the superior
colliculus was described by McCaffery, Bennet, and
Dreher (1982) but may be attributed to their short
observation period of RGC survival of only 5 days in
culture. The proximity of superior colliculus explants,
however, led to a healthier development of the entire
retina such that fewer pyknotic cells were observed in
its presence (data not shown), probably due to the
action of released factors on retinal cells other than
RGCs.
Central nervous system (CNS) explants were not
sufficient to obtain normal development in the rat
organotypic retina. Therefore, the amino acid taurine
was added because it is thought to play a role in outer
plexiform layer (OPL) formation, photoreceptor cell
survival, cone elongation, and RGC regeneration
(Hayes, Carey, & Schmidt, 1975; Lake, 1994). Cytosine
arabinoside and other antimitotics normally used to
prevent the outgrowth of non-neuronal cells (Robert-
son, Annis, & Ga¨hwiler, 1991) were omitted because
they produce retinal dysplasia in newborn rats, even in
minimal quantities (Percy & Danyluck, 1977) and can
be toxic for postmitotic neuronal cells in culture (Wal-
lace & Johnson, 1989). With these modifications the
quality of the culture was clearly improved.
3.1. General de6elopment
The rat retinas were immature at the time of explan-
tation (between P0 and P4) and consisted only of a
large neuroblastic layer (NBL), an inner plexiform layer
(IPL), and a GCL (Fig. 1A). This morphological situa-
tion was unchanged after 1 day in culture (Fig. 1B).
After 14 days in culture (Fig. 1D), explants showed a
morphological differentiation comparable with that
which occurs in the first 2 weeks of postnatal develop-
ment in vivo (Fig. 1C). The nuclear and plexiform
layers were fully separated at DIV14, and the organiza-
tion and cytoarchitecture of an adult retina was
achieved in the explant (Fig. 1D). The stage of differen-
tiation was homogenous within the entire retina as
shown in the radial section through a P3 retina after 7
days in vitro (DIV) in Fig. 2. No rosette formation was
observed and the typical layering of an adult retina was
present throughout the explant. However, cultured reti-
nas were frequently reduced in thickness, particularly in
the IPL (compare Fig. 1C and D), possibly as the result
of the axotomy-induced loss of RGCs (see below). At
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this time, retinas showed outer segment-like structures
(Fig. 1F, arrow), although these were shorter and not
as well organized as in vivo (Fig. 1E). Both types of
Fig. 2. Low-magnification Nissl-stained radial section of a P3 rat
retina after 7 days in vitro. For cutting, the retina was removed from
the filter membrane. The section runs through the central retina and
from one retinal margin to the other. The characteristic layers of an
adult retina can be distinguished and no rosette formation was
observed in the entire explant. OLM, outer limiting membrane; ONL,
outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer; RPE,
retinal pigment epithelium.
Fig. 1. Nissl-stained micrographs of retinas in vivo (left) and in vitro
(right) with attached RPE. The neonatal rat retina (P0) is almost
undifferentiated, consisting of only three layers (A). A neonatal retina
after 1 day in culture shows a comparable layering. The monolayer of
RPE, between the polycarbonate membrane and the neural retina, is
indicated by an arrow (B). After 14 DIV, the explantated retina (D)
exhibits typical in vivo adult layers (C). Nomarski micrographs of an
explantated retina after 14 days in culture show outer-segment like
processes at the distal extreme of the photoreceptor cells (F). Com-
pare with the situation in vivo (E). NBL, neuroblastic layer; OS,
outer segments; IS, inner segments; ONL, outer nuclear layer; OPL,
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform
layer; GCL, ganglion cell layer; RPE, retinal pigmented epithelium.
photoreceptors, rods and cones, were developed. Pho-
toreceptor cell bodies in the outer nuclear layer (ONL)
were identified on the basis of their nuclear features as
described by Carter-Dawson and LaVail (1979), with
several clumps of heterochromatin for the cones (Fig.
3A and B, black arrows) and a single clump for the
rods (Fig. 3A and B, white arrows). No additional
differentiation was observed beyond DIV14.
The same experiments were performed without ad-
hering RPE. In general, the cultured retinas developed
an overall architecture comparable with that of the in
vivo retina and no differences with respect to the
lamination, terminal differentiation of retinal neurons
and development of synaptic layers were found between
retinas cultured with and without RPE (compare Fig.
3A and B). However, migration of photoreceptor cell
bodies out of the outer retina was much more fre-
quently observed in explants without RPE (Fig. 3B,
black arrowheads, Fig. 5 white arrow).
3.2. Terminal cell differentiation
Terminal differentiation of retinal neurons in cultures
with and without RPE was surveyed immunohisto-
chemically by comparing explanted P0 retinas after 14
DIV (Fig. 4, right) with P14 retinas in vivo (Fig. 4, left).
Different types of neurons were identified by their
anatomical features, positions and fiber pathways.
Rods were identified by their rhodopsin expression.
Rhodopsin labeling in vitro was found at the apical
ends of the rods (Fig. 4B). This is very similar to the in
vivo situation (Fig. 4A) and suggest the formation of a
membranous structure containing rhodopsin in vitro
(see electron microscopy, Fig. 6).
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Anti-calbindin immunolabeling in vitro showed large
horizontal cells located along the outer margin of the
INL. Processes from these cells branched perpendicu-
larly to form a fiber plexus in the inner part of the OPL
(Fig. 4D). A comparable pattern was observed in vivo,
although the cell bodies and the plexus in the OPL were
more intensely stained (Fig. 4C).
Anti-PKC immunostaining in vitro revealed rod
bipolar cell somata located irregularly in the middle of
the INL as well as immunoreactive axons traversing the
IPL and terminating as bulbs close to the GCL (Fig.
4F). Immunoreactive bipolar cells in vivo were more
dense, and their axons and terminal bulbs were more
intensely labeled (Fig. 4E). In addition, their descending
processes in the IPL were shortened in vitro (Fig. 4F)
due to the reduced IPL thickness already observed in
the Nissl-stained specimen.
Anti-calretinin immunolabeling in vitro showed
amacrine cell perikarya along the proximal border of
the INL and displaced amacrine cells in the GCL (Fig.
4H). The distribution of cell bodies and the trilaminar
distribution of amacrine cell processes in sublayers s1,
s3 and s5 of the IPL (Fig. 4H) was comparable with the
in vivo situation (Fig. 4G). However, as the thickness
of the IPL was reduced in vitro, the displaced amacrine
cells lay closer to the amacrine cells in the INL and the
lamination in the IPL was occasionally disturbed and
not as distinct as in vivo.
Only a few Thy-1 immunoreactive cells were ob-
served after 5 DIV, indicating that most RGCs died
within 1 week after the optic nerve transection (Rabac-
chi, Bonfanti, Liu & Maffei, 1994) (data not shown).
3.3. Ultrastructural de6elopment and outer segment
formation
Ultrastructural examination of a P0 retina after 14
DIV showed highly organized tissue with well-defined
layers (Fig. 5). The strict columnar arrangement of
photoreceptor cell bodies in the in vivo retina was also
observed in the ONL of the in vitro retina. Photorecep-
tors had cell polarity and exhibited typical nuclei with
patchy heterochromatin and sparse cytoplasm. Mu¨ller
cell (M) processes (Fig. 5) were present between the
photoreceptor cells, and an electron dense band corre-
sponding to the OLM was seen along the border be-
tween the ONL and the photoreceptor inner segments.
This is illustrated in higher magnification in Fig. 6A,
where zonulae adherentes between photoreceptors and
Mu¨ller cell processes can be seen (arrows).
Retina cultures both with and without RPE showed
well-developed inner segments with numerous axially
oriented mitochondria and connecting cilia on their
apical surfaces (Fig. 6B). However, the presence of
RPE resulted in clear differences in morphological fea-
tures. Connecting cilia in explants cultured without
RPE were frequently prolonged by longitudinally ori-
ented membranes but outer segments with properly
oriented disks were not observed (Fig. 6C). In contrast,
retinas cultured with RPE showed after 14 DIV outer
segments in various stages of development. In most
cases, membranous enlargements appeared with proxi-
mal vesicles and distal stacks of disks (Fig. 6D). In
other cases, outer segments displayed lamellar arrays of
disks but with a vertical orientation (Fig. 6E and F).
Fig. 3. Nissl-stained sections of P3 rat retinas after 7 DIV. (A) View of a retina cultured with RPE (asterisks) and its relation with the
polycarbonate membrane (large black arrow). (B) Retina cultured without RPE. Several photoreceptor cells are migrating out of the ONL (black
arrowheads). Presumptive rods (small white arrows) and cones (small black arrows) are present in both figures. OLM, outer limiting membrane;
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; RPE, retinal
pigmented epithelium.
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Fig. 4.
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The structures shown in Fig. 6D–F strongly resembled
developing outer segments in vivo (Nir, Cohen & Pa-
permaster, 1984; Usukura & Obata, 1995).
3.4. Synaptic de6elopment
Both ribbon and conventional synaptic connections
were observed in neonatal retinas cultured for 14 days
regardless of the presence or absence of RPE (Fig. 7).
In the OPL, triad synapses in the photoreceptor pedi-
cles (Fig. 7A) and conventional synapses (Fig. 7B) were
observed. Mature (Fig. 7C) and developing ribbon
synapses (not shown) as well as conventional synapses
(Fig. 7D) were also present in the INL. The morphol-
ogy and orientation of these structures corresponded to
that found in vivo.
4. Discussion
Organotypic cell cultures provide a convenient tool
for studying the development of the CNS. They permit
the manipulation of fluid and cell environments and are
therefore an ideal complement to studies in vivo. More-
over, organotypic cultures have the advantage of retain-
ing their cytoarchitecture, a condition that cannot be
fulfilled by dissociated or reaggregate cell cultures.
Organotypic retina cultures are suitable not only to
study processes of synapse formation and cell–cell in-
teractions in an intact neural network, but would offer
the unique possibility of carrying out phototransduc-
tion studies. To this end, the ‘ideal’ retinal culture must
show not only the differentiation of the different cell
types and the establishment of functional synapses, but
also the formation of functional outer segments con-
taining rhodopsin. In view of these demands, the aim of
the present study was to establish an organotypic retina
culture that retains its hierarchical organization
throughout the whole culturing period and that resem-
bles as closely as possible a mammalian retina in vivo.
4.1. De6elopment of cell types and synaptic layers
Regardless of the presence or absence of RPE, the
retina explants underwent a development comparable
with that in vivo, acquiring the typically mature layer-
ing, the expression of specific cell markers, the topo-
graphic relationships between neurons and glia, and the
characteristic synaptic ultrastructure. The time course
of in vivo and in vitro retinal development was com-
parable, including the expression of rhodopsin and the
acquisition of PKC immunoreactivity, events that occur
postnatally and characterize the differentiation of pho-
toreceptors and rod bipolar cells in the rat retina (Hicks
& Barnstable, 1987; Zhang & Yeh, 1991). The presence
of mature ribbon and conventional synapses in both
plexiform layers after 14 days in culture indicate that
synaptogenesis also proceeded at a normal rate in cul-
tures both with and without RPE. This is in contrast to
a previous study in which photoreceptors failed to
develop synaptic complexes in the absence of RPE
(Stiemke et al., 1994). Our results strongly indicate that
the RPE during the postnatal development of the rat
retina influences only the proper development of outer
segments and OLM but not processes of cell differenti-
ation, synaptogenesis and inner retinal lamination.
The most pronounced differences of the organotypic
retina culture compared with an in vivo retina were the
less organized and dense processes of calbindin-, PKC-
and calretinin-positive cells and the thinning of the IPL
which seems to be due to the massive apoptotic death
of RGCs within a few days after optic nerve transection
(Rabacchi, Bonfanti, Liu, & Maffei, 1994; Bonfanti,
Strettoi, Chierzi, Cenni, Liu, Martinou, Maffei, & Ra-
bacchi, 1996; Chaudhary, Ahmed, Quebada, & Sharma,
1999). Further experiments will be necessary to clarify
whether RGCs can be rescued and thinning of the OPL
prevented by the addition of, e.g. anti-apoptotic com-
pounds to the culture medium. Nevertheless, the ultra-
structural formation of synaptic connections between
the second order neurons within the IPL seems not to
be profoundly influenced by the presence or absence of
the third order neurons, i.e. the ganglion cells.
A prolongation in culturing time and thus a further
maturation of photoreceptor outer segments would
probably have been possible with the photoreceptor
layer upward, since the photoreceptors use 70–80% of
the oxygen consumed by the neural retina (Ames III,
1992), and oxygen diffusion is low in fluids. However,
since we found that this orientation resulted in exten-
sive rosette formation caused by the bad adherence to
the filter membrane due to the natural curvature of the
retina, we did not follow this experimental approach.
4.2. Photoreceptor de6elopment and the role of RPE
Light-microscopic rhodopsin labeling in culture does
not necessarily demonstrate the existence of normal
photoreceptor outer segments. Although rhodopsin
concentration in vivo is highest in outer segment mem-
Fig. 4. Nissl and immunofluorescence micrographs of P14 rat retinas (left) and P0 retinas cultured 14 days without RPE (right). Photoreceptor
(A and B), horizontal (C and D), rod bipolar (E and F), and amacrine (G and H) cells were detected with anti-rhodopsin, anti-calbindin, anti-PKC
and anti-calretinin antibodies respectively. The in vitro distribution of these cell populations and the laminar pattern of their processes corresponds
to that observed in vivo. OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer.
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Fig. 5.
branes, it is also present in the inner segments and cell
bodies of photoreceptors (Barnstable, 1980; Hicks &
Barnstable, 1987). Thus, electron microscopic examina-
tion, as done for the rat retina in this study and for the
mouse retina by Caffe´ et al. (1989), is required for an
evaluation of outer segment formation in culture. At
this level, we found that RPE clearly affected outer
segment formation in the organotypic retina culture.
Although outer segment-like membranes at the apical
ends of photoreceptors have been reported in the ab-
sence of RPE in organotypic (Pognetto-Sassoe` et al.,
1996) and dissociated cell cultures (Saga et al., 1996),
these membranes were disorganized, mainly oriented
longitudinally along the axes of the photoreceptors and
lacked the normal outer segment structure with its
stacked disks. Since we found such longitudinal mem-
branes at the apices of the photoreceptors exclusively in
rat retinas cultured without RPE, we believe that the
RPE is not necessary to initiate the formation of outer
segment membranes, as reported by Caffe´ et al. (1989)
but that it is essential for their proper folding into
normal, disk-like structures. This idea is supported by
the fact that well-organized membranes have been re-
ported in retinas cultured with certain carbohydrates in
the absence of RPE, indicating that a delivery of nutri-
ents from the RPE is necessary for the disc-folding
(Stiemke & Hollyfield, 1994).
Like LaVail and Hild (1971), we found aberrant
localized photoreceptor nuclei in our cultures. Subreti-
nal photoreceptor nuclei, i.e. distal to the OLM, have
been observed in vivo in developing and aged chick, rat
and human retinas and under pathologic conditions
(Lai, 1980; Lai, Masuda, Mangum, Lug, Macrae,
Fletcher, & Liu, 1982; Armengol, Prada, & Ge´nis
Galvez, 1989). The mechanisms by which photorecep-
tor cells are displaced, and the significance of this
phenomenon remains unclear. However, we suggest
that Mu¨ller cell processes in the OLM act as a barrier
to photoreceptor migration, since a mature OLM is
formed by the apical ends of the Mu¨ller cells in rats
around P10 and the disruption of these cells in the
developing mouse leads to the appearance of clustered
photoreceptors in the subretinal space (Rich, Figueroa,
Zhan, & Blanks, 1995). Since we found displaced pho-
toreceptor nuclei much more frequently in developing
retinas cultured without RPE, we believe that RPE cells
affect maturation of the Mu¨ller cells and thus the
Fig. 5. Low magnification electron micrograph of a newborn retina
(P0) cultured without RPE after 14 days in vitro. A remarkable
degree of histological organization was observed, with the five retinal
layers well differentiated. Well-developed Mu¨ller cell processes (M)
are seen between the photoreceptors. A displaced photoreceptor cell
is visible between the inner segments (arrow). IS, inner segments;
OLM, outer limiting membrane; ONL, outer nuclear layer; OPL,
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform
layer; GCL, ganglion cell layer.
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formation and maturation of the OLM. Apart
from this, the RPE appears to be unnecessary for
processes like synaptogenesis and postnatal cell differ-
entiation.
The RPE seems to exert a notable influence not only
on the development of the neural retina, but also on the
development of the complete visual system (Jeffery,
1997). However, the extent of this influence may change
with the different developmental stages, perhaps affect-
ing the whole retina in early development (Raymond &
Jackson, 1995) and, according to our results, the outer
retina in a last phase. Since there is a controversy on
whether or not the RPE has an influence on outer
segment formation (Caffe´ et al., 1989Stiemke et al.,
1994Saga et al., 1996), it was necessary to develop a
preparation procedure with which it was possible to
isolate the retina with the adherent RPE as a whole
complex. This was a technical problem and probably
the reason why most of the mammalian retina cultures
described so far were made without an adhering RPE.
Our preparation now made it possible to isolate an
intact RPE–retina complex so that influences of the
RPE on processes of inner retinal differentiation could
be studied under a more physiological situation than
achievable with co-cultures of isolated retinas and RPE
tissues or with retinas exposed to RPE-conditioned
medium (Raymond & Jackson, 1995; Sheedlo &
Turner, 1996). In contrast to dissociated cell cultures,
the cellular network is maintained in organotypic cul-
tures and the cells produce their own microenviron-
ment, making their phenotype more stable. As a result,
cells in these complex systems are less susceptible and
respond more slowly to culture conditions than cells in
isolate cell culture systems. This may be the reason why
the profound effects of RPE on the polarity, stability,
lamination and cell differentiation of retinal cells re-
ported in reaggregated cultures (Wolburg, Willbold, &
Layer, 1991; Layer, Rhotermel, Hering, Wolf, deGrip,
Hicks, & Willbold, 1997) could not be observed in our
organotypic retina. The nature of the factors, diffusible
and:or mechanic that mediate the formation of outer
segments in the presence of RPE, as well as the func-
tional activity of these structures in vitro remains to be
determined in further studies.
Fig. 6. Electron micrographs from P0 rat retinas after 14 days in vitro. (A) Scleral side of a cultured retina showing a well formed outer limiting
membrane (OLM). Adhering junctions between Mu¨ller cell processes (M) and photoreceptors (Ph) are indicated by arrows. Cultured retinas in
absence of the RPE show inner segments (is) and mature mitochondria (m) as well as developed connecting cilium (cc) (B) and membranous
extensions (me) at the distal end of an inner segment. Properly oriented outer segments with disk-like structures were not observed (C). In presence
of the RPE, developing outer segments show stacked disks (d) at the distal end and several vesicles (v) at the proximal end (D), and (E) outer
segments with longitudinally oriented stacks of disks (d). (F) Transversal section through an outer segment.
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Fig. 7. Electron micrograph of synaptic contacts in a P0 rat retina
after 14 days in vitro. Both ribbon synapses (rs) and conventional
synapses (cs) are seen in the OPL (A and B) as well as in the IPL (C
and D). Processes from horizontal cells are denoted with H. The
retina was cultured without RPE.
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